particles produced in deuterium-tritium fusion reactions may drive Alfvén eigenmodes [1, 2] unstable in ITER and other burning plasma experiments. If they do, the most important practical issue is the resultant fast-ion transport. Will benign local flattening of the -particle pressure profile occur? Or will the particles escape from the plasma and damage the first wall? The expulsion of fast ions by toroidicity-induced Alfvén eigenmodes (TAE) has damaged internal vessel components in two tokamaks [3, 4] . The damage was explained qualitatively in terms of wave-particle resonances and orbital effects, but no quantitative comparisons between the measured fluctuation levels and the expected transport were given in these publications. In the only quantitative studies of this important issue [5, 6] , wave amplitudes an order of magnitude larger than the measured values were needed to predict the large losses observed experimentally.
The fast-ion and instability diagnostics were coarse in these early studies, suggesting that misinterpretation of the available signals might account for the discrepancy. In the work reported here, however, both the instabilities and the fast-ion response are very well characterized. Nevertheless, the calculated fast-ion transport is still much smaller than the observed value.
The DIII-D tokamak has an extensive suite of fluctuation diagnostics with the bandwidth and sensitivity needed to detect Alfvén instabilities. A 40-channel electron cyclotron emission (ECE) diagnostic measures electron temperature (T e ) fluctuations, density (n e ) fluctuations are measured by reflectometry, beam-emission spectroscopy, and CO 2 interferometry and magnetic fluctuations are measured by Mirnov coils. A detailed comparison of these measurements with the mode structures predicted by linear ideal MHD theory was recently reported [7] . Both the electron temperature and the electron density eigenfunctions are in excellent agreement with the NOVA code [8] for the n 3 TAE and the reversed-shear Alfvén eigenmode (RSAE). (n is the toroidal mode number.) This Letter documents the fast-ion response to these well-characterized wave fields.
In the baseline discharge (no. 122117) [7] , 4.6 MW of 80-keV deuterium neutral beams are injected in the direction of the plasma current into a low-density ( n e 2 10 13 cm ÿ3 ), magnetically diverted, deuterium plasma with central T e 1-2 keV. The beams are injected early in the current ramp to produce a reversed-shear plasma with an off-axis minimum in the safety factor q at q min . (The normalized minor radius coordinate is proportional to the square root of the toroidal flux .) The central beam pressure is large ( 50% of the total), and the ratio of the injected beam speed to the Alfvén speed is 0:45. At the magnetic axis, the peak of the fast-ion distribution function occurs at a pitch of v k =v 0:68.
The fast-ion response to the instabilities is determined by four independent techniques. The primary diagnostic is a new charge-exchange recombination spectroscopy technique that utilizes the Doppler-shifted Balmer-light emitted by fast ions [9, 10] . Beam modulation and fitting of impurity lines is used to extract the fast-ion spectra from the interfering background light [10] ; uncertainties in background subtraction are the dominant source of error and are represented by error bars in the figures. In this Letter, the spectra from this fast-ion D (FIDA) diagnostic are averaged over wavelengths that correspond to energies along the vertical line of sight of E 30-60 keV. The wavelength-integrated signals are divided by the injected neutral density to yield fast-ion density measurements in most of the high-energy portion of velocity space [11] with a spatial resolution of a few centimeters. The second diagnostic is the volume-averaged deuterium-deuterium neutron rate S n . Under these conditions, S n is dominated
week ending 14 DECEMBER 2007 0031-9007=07=99(24)=245002 (4) 245002-1 © 2007 The American Physical Society by beam-plasma reactions between the fast and thermal populations, so the signal is proportional to the number of high-energy fast ions in the plasma. To detect effects caused by the instabilities, the signal is normalized to the classically expected rate due to collisional processes (as calculated by TRANSP [12] ). The third diagnostic relies on motional Stark effect (MSE) measurements of the internal magnetic field. The profile of the total plasma pressure is obtained from EFIT [13] reconstructions of the MHD equilibrium that are consistent with the MSE and magnetics data and with isotherms of the electron temperature. The thermal pressure from T e , n e , T i , and carbon density measurements (the dominant impurity) is subtracted from the MHD pressure profile to obtain the fast-ion pressure p f . The absolute uncertainty in the inferred fast-ion pressure at 0:25 is 16% and the relative uncertainty is 8%. In the fourth technique, the evolution of the q profile provides information on the neutral-beam current drive (NBCD) profile, which is sensitive to the spatial profile of circulating fast ions. In addition to the evolution of q min inferred from the equilibrium reconstructions, rational values of q min are also inferred from the temporal pattern of frequency-sweeping RSAEs with different toroidal mode numbers [2] .
Strong Alfvén activity occurs early in the discharge [ Fig. 1(a) ]. RSAEs that are localized near q min and more global TAEs are both observed [7] . When the frequency of a RSAE sweeps across a TAE frequency, the eigenfunctions mix. Throughout the period of strong activity, both the neutron rate and the FIDA density are suppressed relative to their classically expected values [ Fig. 1(b) ]. The magnitude of this suppression correlates with the amplitude of the mode activity. Figure 2 shows data from five similar discharges with different values of beam power. Because of the complexity of the Alfvén activity, it is difficult to quantify the composite amplitude. Figure 2 uses the amplitude of the ten strongest modes as measured by ECE; the correlation is similar using a bandpass-filtered Mirnov signal. These results strongly suggest that the observed reductions in the fast-ion signal are caused by the Alfvén activity.
The Alfvén activity flattens the fast-ion spatial profile. Both the FIDA density profile and the fast-ion pressure profile from MSE are much flatter during the strongest activity than they are later in the discharge (Fig. 3) . Although the pressure profile peaks as the activity weakens, it is still less peaked than classically expected at 1.2 s. This is in contrast to the profiles observed in MHDquiescent plasmas, which are in excellent agreement with the TRANSP predictions [14] .
The FIDA spectrum is sensitive to the perpendicular energy distribution [14] ; distorted spectra are sometimes observed during Alfvén activity and are common during ion cyclotron heating [11] . In discharge no. 122117, however, the spectra agree (within the uncertainties) with the spectral shape normally observed in quiet plasmas. This suggests that the transport process changes the average perpendicular energy of the fast ions no more than 5 keV.
In the presence of this fast-ion transport, the plasma current diffuses more gradually than classically predicted [ Fig. 4(a) ]. Two independent measurements of the evolution of q min are in excellent agreement. They differ markedly from the classical predictions calculated by special TRANSP simulations that begin with the measured equilibrium, then evolve the current profile assuming neoclassical 
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245002-2 flux diffusion. These simulations adjust the boundary value of the parallel electric field to match the measured plasma current. For either of two extreme assumptions-either classical NBCD or no NBCD whatsoever-the predicted diffusion is far more rapid than experimentally observed. Evidently, both the classical NBCD profile and the neoclassical conductivity profile are more peaked than the actual current profile. A simulation that uses the NBCD expected from a centrally flattened fast-ion density profile is in better agreement with experiment. Gradual evolution of q min was previously reported [15] in more poorly diagnosed discharges. In contrast, in the discharge with lower beam power and much weaker Alfvén activity, the current evolution is close to the classical expectation [ Fig. 4(b) ].
The strongest modes in the spectrum [ Fig. 1(a) ] have peak internal magnetic perturbations of B r =B & 10 ÿ3 . Published theoretical simulations of fast-ion transport often require larger amplitudes than this to obtain significant transport; see, e.g., Refs. [5, 6, 16] . To determine if the measured Alfvén activity can explain the observed fast-ion transport, the 11 strongest toroidal modes are matched to NOVA linear eigenfunctions and the amplitudes are scaled to agree with the ECE measurements. Reliable mode identification is possible for the largest 7-8 modes but is problematic for the weakest ones or for modes with similar frequencies. For each toroidal mode, the strongest poloidal harmonics m are selected and a total of 151 (n, m) helical perturbations with their experimental amplitudes and frequencies are entered into the Hamiltonian guiding center code ORBIT [17] . Shear Alfvén waves with weak kinetic effects are assumed (E k B k 0), so the transport caused by parallel electric and magnetic wave fields is neglected. Evolution of the frequency and mode structure is ignored since these barely change on orbital time scales. The initial fast-ion birth distribution function F 0 is taken from TRANSP. The particle orbits are computed in the presence of pitch-angle scattering and the perturbed fields, then the distribution function F is sampled for comparison with F 0 .
This procedure cannot account for the observed fast-ion transport. Figure 5 shows the change in the distribution function in the region of velocity space that makes the dominant contribution to the measured fast-ion signals for ORBIT runs where the mode amplitudes are artificially enhanced by a factor of 5. Even with this enormous enhancement, which is much larger than the experimental uncertainty of &10%, the transport is smaller than observed. To estimate the experimental transport, an ad hoc diffusion coefficient D B is employed in a sequence of special TRANSP runs that hold all other plasma parameters fixed. Spatially variable diffusion that is very large (*5 m 2 =s) inside ' 0:55 and tiny outside is needed for consistency with the measured FIDA and p f profiles. The ORBIT simulations predict transport in the correct locations but, even with 5 times the measured amplitude, the change in the distribution function is far too small. The predicted transport is comparable to neoclassical diffusion.
The ORBIT simulation uses the strongest modes observed experimentally at a single representative time. However, many weaker intermittent modes appear at lower frequencies; perhaps these play an important role in the observed transport. (Neoclassical tearing modes are absent.)
In summary, four independent diagnostics all indicate strong transport of fast ions in reversed-shear discharges with multiple TAE and RSAE modes that have B r =B & O10 ÿ3 . In quiet plasmas, these same diagnostics agree with classical [14] and ion cyclotron [11] theory. Moreover, similar profiles are measured with different techniques during Alfvén activity on JT-60U [18] . The mode amplitudes are also measured by four independent diagnostics [7] . The hypothesis that diagnostic inadequacies account for the discrepancy between theory and experiment is therefore excluded. Fast-ion transport is remarkably effective in plasmas with Alfvén activity.
Identification of the mechanism responsible for this transport is an urgent task in burning plasma physics. 
